Since the work of Jorgenson and Lukacs in the early 1980s, 1,2 capillary electrophoresis (CE) has experienced rapid growth and been applied to a wide array of analytes. The dominant area of application of CE has been for biomolecules. However, there has been a steady and increasing interest in using CE for the determination of metal ions.
. Optimum excitation of the metal-HQS is at 393 nm with maximum emission in the 500 -520 nm range. 17 Fluorescence excitation of metal-HQS complexes separated by CE has been performed using the 325 nm HeCd laser line, 15, 18, 19 the 351.1 -364.8 nm lines of an argon ion laser 20 and with a broad band mercury-xenon lamp. 16 However, none of these excitation sources is ideal. They all are expensive and have limited lifetimes (∼5000 h). They are also relatively bulky, making them unattractive for miniaturized instruments. 19 Semiconductor or diode lasers are promising alternatives to conventional lasers. Diode lasers are cheap, require no maintenance, and have lifetimes approaching 50000 h. 21 These lasers are also extremely compact and can run off battery power.
Further, the output stability of diode lasers is significantly better than that of conventional lasers (0.01% vs. 1% noise). 22 These properties suggest that diode lasers are ideally suited for LIF detection.
In October of 1999, Nichia Corporation (Japan) launched the commercial sale of their InGaN-based violet laser diode.
23-27 * The diode operates at 405 nm with a power output of 5 mW and has an estimated lifetime of 2000 to 5000 h. Such short wavelength semiconductor lasers have long been sought for applications such as full-color electroluminescent displays, laser printers, undersea optical communications and optical data storage. For instance, a violet diode laser would quadruple the data capacity of current DVD players.
In addition to its applications in electronics and telecommunications, the violet diode laser offers tremendous potential for analytical chemistry. Recently, we demonstrated that nanomolar detection limits could be achieved for naphthalene-2,3-dicarboxaldehyde (NDA) labeled amino acids using CE-LIF with the violet diode laser. 28 In this work, we explore the application of the violet diode laser to the CE-LIF determination of metal cations.
Experimental

Apparatus
A P/ACE 2100 (Beckman, Fullerton, CA) equipped with an LIF detector module was used for all experiments. The electrodes were in the normal configuration (i.e., sample was loaded at the anode and the detector was positioned 7 cm from the cathode). Data acquisition and instrument control were performed with P/ACE Station software (Beckman) for Windows 95 on a 486 PC. Untreated fused silica capillaries (Polymicro Technologies, Phoenix, AZ, USA) with an inner diameter of 50 µm, outer diameter of 365 µm and a total length of 47 cm (40 cm to the detector) were used. Fluorescence spectra were obtained on a Shimadzu RF-5301 PC Spectrofluorometer (Columbia, MD, USA) controlled by RF-530XPC Personal Fluorescence software on a Pentium PC. Laser power was measured with a Pocket Power TM handheld power meter (Melles Griot, Irvine, CA).
Operation of the CE-LIF system was initially confirmed using a 5-mW 325-nm HeCd laser (Model # 3056-8M; Omnichrome, Irvine, CA) equipped with an SMA fiber optic receptacle. The laser beam was coupled to the LIF detector through a 1.5-m, high OH (designed for UV), multimode fiber patchcord with a 100/140-µm (core/cladding) diameter and SMA 906 connectors (Oz Optics Inc., Carp, ON, Canada). The optical power measured out of the fiber was ∼2.5 mW. Fluorescence was collected through a 500-nm (500DF25) band pass filter (Omega Optical, Brattleboro, VT, USA). Detection limits comparable to those of Swaile and Sepaniak 15 were achieved for the determination of metals using HQS (see below).
All subsequent studies were performed with a violet diode laser (Model # PPM04(LD1349)F1; Power Technologies, Little Rock, AR) based on the Nichia InGaN diode. The diode laser operated at 415 nm (Nichia produces diodes with output maxima of 405±10 nm) with a power output of 5 mW and was equipped with an SMA fiber optic receptacle. The laser beam was coupled to the LIF detector through a 1-m multimode fiber optic patchcord with a 100/140-µm (core/cladding) diameter and SMA 906 connectors (Polymicro Technologies, Phoenix, AZ). The optical power measured out of the fiber was ∼2.5 mW. Fluorescence was collected through a 500-nm (500DF25, Omega) band pass filter.
Reagents
All reagent solutions were prepared using distilled deionized water (Nanopure Water System, Barnsted). Analytical grade reagents were used throughout. Aluminium nitrate and zinc chloride were from Fisher (Fair Lawn, NJ), magnesium chloride was from BDH and cadmium sulfate was from Matheson, Coleman and Bell (E. Rutherford, NJ). 8-Hydroxyquinoline-5-sulfonic acid (HQS) was obtained from Janssen Chimica (Beerse, Belgium).
Procedures
New capillaries were pretreated with a 10-min rinse of 0.1 M potassium hydroxide, followed by a 5-min rinse of deionized water, and finally a 10-min rinse with the run buffer. All rinses were performed at high pressure (20 psi). Before the capillary was formally used, several separations were performed until consistent migration times were observed.
The 2.5 mM 8-hydroxyquinoline-5-sulfonic acid (HQS) was buffered using 10 mM orthophosphoric acid (Anachemia, Montreal, Canada) adjusted to pH 8.0 using sodium hydroxide (BDH). The buffer was passed through a 2-cm i.d. × 25 cm column of Chelex 100 (50 -100 mesh, sodium form, Bio-Rad Laboratories, Hercules, CA) to remove any metal impurities from the solution.
10 mM stock solutions of each metal were prepared and then serially diluted in the purified buffer. Prior to each sample injection, a 2-min high pressure rinse (20 psi) with the separation buffer was performed. The metal samples were injected hydrodynamically for 3 s at 0.5 psi and were separated under a constant potential of 25 kV with a 30-s voltage ramp time.
Results and Discussion
To determine metal cations using CE-LIF, it is necessary to form metal-ligand complexes that fluoresce. Depending on the stability of the metal-ligand complex, two modes can be used to perform the separation. 3 If the metal-ligand complex is thermodynamically very stable (i.e., kinetically inert), then the complex can be formed prior to performing the separation. This approach has the advantage of not requiring a fluorogenic ligand, as the complexed and uncomplexed ligand are electrophoretically separated. However, selectivity is not easily altered. 3 Alternatively, if the ligand is weakly complexing and achieves equilibrium rapidly, then the ligand may be added to the background electrolyte. The ligand concentration and pH will govern the degree of complexation, which, in turn, determines the effective mobility of the metal. The HQS separations described below are performed using such oncolumn complexation.
As the ligand is present in the background electrolyte, it is essential that the uncomplexed ligand not fluoresce.
HQS detection of metals
Swaile and Sepaniak 15 separated Mg 2+ , Ca 2+ , and Zn 2+ using on-column complexation with HQS. They observed optimum peak efficiency using a background electrolyte containing 2.5 mM HQS at pH 8.0. Our primary objective was to compare the sensitivity of fluorescence detection with the violet diode laser with that achieved using a 325-nm HeCd laser. Thus, we used the conditions of Swaile and Sepaniak as the initial conditions for our work.
Using the conditions of Swaile and Sepaniak (2.5 mM HQS at pH 8.0), peak tailing was observed in the separation of Mg 2+ , Al 3+ , Cd 2+ , and Zn 2+ . Tailing was particularly strong for the Mg 2+ peak.
Swaile and Sepaniak attributed this peak broadening to a slow rate of ligand exchange, 15 an effect known as electrodiffusion. 3 The effect of electrodiffusion can be reduced by increasing the HQS concentration. However, increasing the HQS concentration leads to an unacceptably high background fluorescence. 15, 18 Alternatively, both the formation and dissociation rates can be increased by increasing the capillary temperature. 18 A third approach to reducing electrodiffusion, and the one used herein, is to add the complexing ligand to the sample. Figure  2 shows the peak shape and efficiency observed when HQS was added to the sample. The efficiency of the Zn 2+ peak improved from 10000 to 250000 plates (5-sigma method) upon addition of HQS to the sample. Thus, a 2.5-mM volume of HQS (pH 8.0) is added to the sample solution in all further studies.
Using excitation at 325 nm with a HeCd laser, Swaile and Sepaniak achieved detection limits of 2.0 µM for Mg 2+ and 3.1 µM for Zn 2+ . We achieved comparable or slightly better detection limits using a 2.5-mW HeCd laser on our instrument. In contrast, the 2.5 mW of our 415 nm violet diode laser yielded detection limits (3-sigma) of: 0.5 µM for zinc; 0.2 µM for magnesium; 0.25 µM for cadmium; and 3 µM for aluminium. Thus, the violet diode laser yielded almost an order of magnitude better detection limits than an equally powered HeCd laser.
It is significant to note that the 325 nm HeCd laser produced larger fluorescence signals than the 415 nm violet diode laser for all of the metals. However, the baseline was much noisier with the HeCd laser. HQS is stated to have virtually no native fluorescence. 17 However, even after purification of the HQS using Chelex 100, a significant background was observed for 226 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 the 2.5-mM HQS (pH 8.0) electrolyte. Using the 325-nm HeCd laser the background was 3.0 RFU relative to distilled water. In contrast, at 415 nm, using the violet diode laser the background was only 0.1 RFU. The lower background at 415 nm than 325 contributed to the lower detection limits with the violet diode laser. However, the primary reason for the improved detection limits is the much greater stability of the diode laser. The stability of a HeCd laser is typically only 1%, 29 whereas that for diode lasers is 0.01%. 22 With our lasers and CE instrument, we observed a 1.4% fluctuation in fluorescence excited using the HeCd laser, and a 0.09% fluctuation with the violet diode laser. 30 Thus while the fluorescence signal is higher for the HeCd laser, so is the background noise. Ultimately, the lower background noise associated with the diode laser results in lower detection limits.
Conclusions
The violet diode laser has been successfully applied to the determination of metals using CE-LIF.
On-column complexation with HQS yielded sub-micromolar detection limits for magnesium, cadmium and zinc, and low micromolar detection limits for aluminium. These detection limits are comparable to or better than those achieved using conventional lasers. Thus, the violet diode laser offers an inexpensive and simple alternative to conventional laser sources for analytical instrumentation. However, the key advantage of the violet diode laser is its far superior stability compared to conventional lasers. The greater stability of diode lasers translates into much improved dynamic reserve (ratio of background signal to noise). As the limit of detection for indirect fluorescence is inversely related to the dynamic reserve, significant improvements in the sensitivity of indirect LIF might be expected using the violet diode laser. This is currently under investigation. 30 
